INTRODUCTION
The discovery by Italian physicist Alessandro Volta (49) in 1776 that "combustible air" was being formed in the sediments of streams, bogs, and lakes rich in decaying vegetation led to subsequent discoveries by Bechamp, Popoff, Tappeneiner, Hoppe-Seyler, Sohngen, and Omelianski that defined a microbial basis for the origin of methane gas (11) . Within the past decade studies have established the widespread and fundamental role of the methane-producing bacteria in anaerobic degradation processes in nature (63, 118, 119, 124, 126) . More elusive has been an understanding of the systematic relationships among the methane bacteria and their relationship to other procaryotes. On one hand, the methanogens are a morphologically diverse group of organisms; on the other, they are a physiologically coherent group of strict anaerobes, sharing the common metabolic capacity to produce methane. The uncertainty concerning their systematic relationships was reflected in early taxonomic schemes which initially dispersed the methanogenic bacteria among the better characterized bacterial groups according to their morphologies. Later, Barker (11) emphasized the highly unique physiology of the group and thereby clustered the methanogens into a single family, the Methanobacteriaceae. Although Barker's regrouping is presently recognized (20) , the scheme provides limited insight into the relationships among the various methanogenic species. Methanogens metabolize only a restricted range of substrates and are poorly characterized with respect to other metabolic, biochemical, and molecular properties. Of the three genera proposed in the most recent edition of Bergey's Manual of Determinative Bacteriology (20) , only one genus is moderately well characterized and contains more than one species that is available in pure culture. Both gramnegative and gram-positive cells are represented in that genus; morphologies vary from short, lancet-shaped cocci to long, filamentous rods; and deoxyribonucleic acid (DNA) base composition ranges widely from 28 to 51 moles percent guanine plus cytosine (mol% G + C).
The dilemma posed by seemingly contradictory characters (in this case an apparent unifying physiology versus diverse morphologies) and a dearth of phenotypic characters to define relationships are characteristic features of bacterial. classification for the last century. Our inability to formulate a constant basis for bacterial systematics stems from the conceptual view of microbial relationships taken by early taxonomists. In contrast to a phylogenetic definition of relationships found between the higher eucaryotes, bacterial systematics historically became fixed into an empirical definition of relationships. This approach reflected both the lack of genealogical information and the need for a practical scheme-one in which a number of simple phenotypic characters were sufficient to identify an organism. The problems of an empirical approach were concisely summarized by R. Y. Stanier and C. B. van Niel in 1941 (93): ... an empirical system is largely unmodifiable because the differential characters employed are arbitrarily chosen and usually cannot be altered to any great extent without disrupting the whole system. Its sole ostensible advantage is its greater immediate practical utility; but if the differential characters used are not mutually exclusive (and such mutual exclusiveness may be difficult to attain when the criteria employed are purely arbitrary) even this advantage disappears.
[P. [438] [439] The subsequent history of bacterial systematics has confirmed the insight of these statements; a constant reshuffling of taxa and the invention of new taxa have been the inevitable outcome of the introduction of new methods for classifying bacteria.
van Niel (106) proposed that the issues could be simply resolved by shifting our emphasis from "indication of relationships" among the bacteria to "means of identification." In this light, any taxonomic scheme is an effective tool for ascertaining the identity of an organism. For this purpose, van Niel encouraged the development of multiple-determinant schemes based on a wide range of differential characters (106) . This attitude is to some extent reflected in the most recent edition of Bergey's Manual, where the major clusters of organisms are grouped into sections, or "parts." Whereas relationships are specified on the basis of certain characteristics within the group, there is no indication of relationships between the various parts. Such an approach, although important as a means of identification, provides a limited basis for bacterial systematics. The concept of genealogical relationships is a starting point for any true understanding of microbial diversity. The advantages of a phylogenetic or natural definition of relatedness were summarized by Stanier and van Niel (93) : Indeed, certain groups, such as the methanogens, can only be approached by developing a measure of their relationships.
The capacity to sequence macromolecules provides the key to a natural basis for bacterial classification. Macromolecular sequences are in effect historical records. These "semantides" (informational macromolecules) (136) can be read through comparative analysis to reveal genealogical relationships (111) . A number of approaches have compared amino acid sequences of proteins, such as cytochrome c and ferredoxin, to elucidate phylogenetic groupings-e.g., the phylogeny constructed for the purple nonsulfur bacteria on the basis of cytochrome c (3). These approaches were limited, however, by the distribution among organisms of the protein in question and by the fact that in many cases one had to compare functionally related but not equivalent molecules, making interpretation of the extent of sequence difference uncertain. Schwartz and Dayhoff (84) have combined published sequence data from 5S ribosomal ribonucleic acid (rRNA), cytochrome c, and ferredoxin to present a composite phylogeny for a limited number of eucaryotes and procaryotes. Although a number of assumptions are required to integrate such a diverse range of sequence information, the approach represents a significant contribution to the beginnings of a bacterial phylogeny.
A more direct phylogenetic approach is based on the comparative analysis of 16S rRNA. The ribosome is of ancient origin, is universally distributed, and appears to be functionally equivalent over the broad range of bacteria (12, 75, 120) . The 16S rRNA primary structure is sufficiently constrained that it has not changed extensively with time (114) . It has regions both of extreme conservation and of variability, making it useful in establishing distant as well as relatively close relationships. Moreover, the molecule is large enough (1,540 nucleotides) to be a "statistical ensemble," which makes it a more certain indicator of phylogenetic relationships than are smaller molecules (e.g., 5S rRNA).
"Comparative cataloging" of 16S rRNA has been used to detect the phylogenetic relationships among the chloroplasts of Lemna (C. R. Woese, unpublished data), Euglena (122) , Por- phyridium (15, 16) , and the cyanobacteria (work done in the laboratory of W. F. Doolittle; 16, 17, 29) clearly delineating the procaryotic nature of the eucaryotic chloroplast. The technique has been used (36) to confirm and extend the classically defined genus Bacillus, based originally on spore morphology and related structures (41) . To date, well over 100 species of procaryotes have been characterized in terms of their 16S rRNA oligonucleotide catalogs, including representatives from the genera Acetobacterium, Acholeplasma, Acinetobacter, Actinomyces, Aeromonas, Alcaligenes, Aphanocapsa, Arthrobacter, Azotobacter, Bacillus, Bdellovibrio, Bifidobacterium, Brevibacterium, Cellulomonas, Chlorobium, Chloroflexus, Chromatium, Clostridium, Corynebacterium, Dactylosporangium, Escherichia, Eubacterium, Geodermatophilus, Halobacterium, Halococcus, Lactobacillus, Leptospira, Leuconostoc (69) , intermediary metabolism (32, 38, 39, 97, 109, 108) , lipid composition (64, 101, 101a, 102) , and cell wall composition (52, (54) (55) (56) (50, 51) . The versatility of these anaerobic procedures is well documented (19, 21, 31, 47, 48, 51, 60, 67) . The technique used in this study for routine growth of methanogens in a pressurized atmosphere of 80% H2 and 20% C02 has been described by Balch and Wolfe (7) . The system consists of three components: a serum bottle or glass tube modified to accommodate a thick rubber septum (Fig. 1) , a Freter-type anaerobic chamber (5) , and a gassing manifold (Fig. 2) . Medium without reducing agent (Table 1) is brought to a boil under an atmosphere of 80% N2 and 20% C02 by use ofthe Hungate technique (51). Reducing agent is added, and the flask is stoppered and transferred into the anaerobic chamber, where the medium is dispensed into tubes. Tubes are sealed in the chamber. When transferred outside the chamber, the gas phase in each tube is exchanged for an 80% H2-20% C02 gas mixture by the use of a gassing manifold (Fig. 2) .
This procedure offers several advantages over the classical techniques. Medium which is dispensed into tubes in an anaerobic chamber is exposed to a uniform, low-oxygen (2 Ad/liter) environment. The thick rubber stopper (Fig. 1) , when crimped into place, provides a seal at both positive and negative pressures and withstands numerous needle penetrations. The use of syringes for all transfers offers a maximal degree of protection against oxygen and bacterial contaminants, since the tube is never opened. The use of elevated pressure decreases the necessity for frequent addition of substrate as the methane bacteria consume the gas mixture. When necessary, tubes can be repressurized aseptically in a few seconds (Fig. 3) (7) . In general, the technique requires a minimal investment of time to yield consistent, quantitative results.
The system, when applied to cultivation of methanogens in 100-to 200-ml amounts of medium (Fig. 4) , renders the use of shake flasks (21) obsolete. The bottle offers all the advantages of the tube technique; it eliminates the requirement for continuous flushing with a gas mixture and subsequent loss of sulfide from the medium, which may produce erratic growth responses for certain methanogens.
Methanogens are easily cultivated on agar plates by use of the anaerobic chamber. Reduced, sterile, 2% agar medium is poured into plastic petri plates maintained in the chamber for at least 12 h to remove dissolved oxygen. After inoculation, plates are transferred into a cylinder (Fig. 5) . Outside the chamber the cylinder is pressurized to 2 atmospheres with an 80% H2-20% C02 gas mixture in a manner similar to that described above for tubes (7 Marmur (65) ; the buoyant density of the DNA was determined by cesium chloride density gradient centrifugation in a Beckman model E ultracentrifuge. The base ratio was calculated by the method of Schildkraut et al. (83) . DNA from Micrococcus lysodeikticus (a gift from C. L. Hershberger) was used as a standard. VOL 43, 1979~METHANOGENS (36, 82, 105, 116 The bottle ispressurized after autoclaving and before use. For safety, the bottle is maintained in a stainless steel canister after pressurization (9) .
A dendrogram published when 10 methanogens had been characterized showed the group to possess two major divisions (35); we now see at least three (Fig. 7) The methanogens represent a coherent phylogenetic grouping quite distinct from other typical bacteria. Just how distinct they may be is indicated in Fig. 7 Table 4 (Table 4 ). These data suggest that the genera Methanomicrobium and Methanospirillum are more distant from each other but equidistant from Methanogenium. The clustering technique used in Fig.  7 defines a slightly different topology. Additional isolates are needed to clarify the relationships among the three genera.
Species
The compositions of the proposed genera are as follows (Fig. 8 , Table 6 ). In the family Methanobacteriaceae the genus Methanobacterium The relationship of M. bryantii to M. formicicum and M. thermoautotrophicum is defined by the average SAB value of 0.6 ( Fig. 7) , a value similar to that found in defining separate Bacillus species (36) . M. bryantii is named for Marvin P. Bryant, who pioneered studies in the separation and characterization of this species from the Methanobacillus omelianskii syntrophic association (23 b. ACNCAACG [11] [12] [13] [14] [15] aThe fist column is the oligonucleotide sequence (C, cytosine; G, guanosine; A, adenosine; U, uridine); the second column shows organisms in which that sequence is found. Organisms are designated by number (see Table 4 (Fig. 8, groups) from the SAB values given in Table 4 . The Fig. 7 . It is sufficiently distinct from other members of the Methanomicrobiaceae (Fig. 7) to be placed in a new genus (Fig. 8) .
The genus Methanogenium contains the species M. cariaci (formerly Cariaco isolate JR1) as the type species and M. marisnigri (formerly Black Sea isolate JR1) (Fig. 7) . These are two new marine isolates recently described by Romesser et al. (81a) .
The tion, intermediary metabolism, and nucleic acid composition substantiate the hierarchy of relationships presented in Fig. 7 and 8 .
Cell Wall Structure and Composition An examination of the chemical composition of the cell wall, Gram reaction, cell morphology, and cell ultrastructure support the proposed taxonomic treatment (Table 7) . Electron micrographs of cell ultrastructure have been presented in detail elsewhere (33, 52, 54, 56, 59, 81a, 126, 128, 132, 133) .
Order I, Methanobacteriales. In the family Methanobacteriaceae, species of the genus Methanobacterium possess fimbriae (27) and are straight to irregularly crooked gram-positive rods often forming filaments. The species of the genus Methanobrevibacter are gram-positive, lancet-shaped cocci or short rods which form pairs, chains, or irregular clumps depending on the growth conditions. M. arboriphilus and M. smithii each possess a single flagellum (27) .
A unifying characteristic of the family is a gram-positive envelope (59, 125, 126, 128, 130, 132) . Members of the genus Methanobacterium have a sharply defined, smooth, gram-positive (56) have shown the chemical composition of cell wall sacculi isolated from representative species of the Methanobacteriaceae to consist of a polymer containing three L-amino acids and N-acetylated sugars. In general, the sacculi contained L-lysine-L-alanine-Lglutamate-N-acetylglucosamine (or N-acetylgalactosamine and/or N-acetyltalosaminuronic acid) in a molar ratio of 1:1.2:2:1 (56; H. Konig and 0. Kandler, Arch. Microbiol., in press). No muramic acid or D-amino acids were found. Further analysis of the cell wall structure of M. thermoautotrophicum (Konig and Kandler, in press) defines a peptidoglycan polymer which differs strikingly from that of typical bacteria in the absence of muramic acid and the presence of N-acetyltalosaminuronic acid and only Lamino acids (Fig. 9) To distinguish between the two polymer types, the structure in methanogens is referred to as pseudomurein (54) .
Individual differences in the cell wall compositions of the Methanobacteriaceae are mostly restricted to neutral sugar content (56) . However, M. ruminantium was shown to differ substantially with respect to the polypeptide component (56) . L-Threonine completely replaced L-alanine, and the position of N-acetylglucosamine was taken by N-acetylgalactosamine. In addition, both M. ruminantium and M. arboriphilus cell walls were unique in their high phosphate contents (56 (52) . In contrast to M. vannielii, salt is required for cell stability (81a). Treatment of freeze-dried cells with sodium dodecyl sulfate or disintegration with glass beads followed by incubation with trypsin resulted in complete solubilization of the cells (56) . Muramic acid or amino sugars were not detected in total acid hydrolysates of whole cells (56) .
The genus Methanospirillum consists of motile, regularly curved, long rods that form continuous spiral filaments. Ultrathin sections ofwhole cells show a well-defined, double-layered cell envelope (33, 127, 128) . It consists of an electrondense outer sheath (composed of subunits arranged in stacks perpendicular to filament length) adjacent to a more electron-dense inner layer which envelopes individual cells that are separated by a "spacer" element (127) . Cell wall preparations of M. hungatei yielded no rounded sacculi, only cylindrical sheaths of variable length and of brittle structure (56) . Total acid hydrolysates of the sheath revealed a com`plex spectrum of 18 amino acids, but not amino sugars, or sugars. The sheath was resistant to sodium dodecyl sulfate and trypsin treatments. It was concluded that the "cell wall" preparation represented only the outer layer (56) , which is not involved in septum formation (127, 128) . The inner layer was destroyed by the isolation procedure used, a result similar to those obtained for other genera in the Methanomicrobiaeeae. No muramic acid, diaminopimelic acid, or amino sugars were detected in the total acid hydrolysate of whole cells (56) .
Members of the family Methanosarcinaceae are irregular, gram-positive cocci that forn packets of varying size. These clumps are large enough to present a grainy appearance to the naked eye. Division planes of the cells in the packet are not necessarily perpendicular. Ultrathin sections showed a very thick (500 nm), amorphous outer layer which often appeared laminated (128) . Zhilina (133) reported a triplelayered appearance of the cell wall in a gasvacuolated strain. Results of chemical analyses of isolated cell walls indicated that they consist of an acid heteropolysaccharide that contains galactosamine, neutral sugars, and uronic acids (55) . No muramic acid, glucosamine, glutamic acid, or other amino acids typical of peptidoglycan were found in the two strains examined (55) .
A summary of the major features associated with cell wall structure and composition and their relationship to the proposed new taxonomic treatment is presented in Deoxyribonucleic Acid Base Composition (Moles Percent Guanine plus Cytosine) Table 9 provides comparative data on the DNA base composition of 21 methanogen strains. The DNA mol% G + C content varies from 27.5 to 61%. However, each of the proposed individual groups shows a restricted range. The species of the genus Methanobrevibacter define the range of 27.5 to 32 mol% G + C, whereas the species of the genus Methanobacterium range from 32.7 to 40.7 mol% G + C for the mesophiles and 49.7 mol% G + C for the thermophile. The latter value may reflect the unique habitat of M. thermoautotrophicum. The two species in the genus Methanococcus have mol% G + C contents of 30.7 and 31.1. This is in contrast to the two marine cocci in the genus Methanogenium, where the mol% G + C contents are 51.6 and 61.2. The remaining genera in the Methanomicrobiales exhibit a range of mol% G + C contents (Table 9 ). The patterns observed reinforce the unique status of each genus.
Substrates for Growth and Methane Production Table 9 summarizes the substrates for growth and methane production by methanogenic bacteria. All methanogens thus far examined oxidize hydrogen and reduce carbon dioxide to methane. H2, CH30H, CH3NH2, acetate strain Z Values not done in this laboratory are presented in parentheses. b C02 is reduced to CH4 when H2 is the substrate. 'Unpublished data, methods used to determine mol% G + C were as described in Deoxyribonucleic Acid Base Composition Determination (Moles Percent Guanine plus Cytosine). anol, methylamine (dimethylamine, trimethylamine, and ethyldimethylamine), and acetate (46, 62, 86, 89, (107) (108) (109) as the sole electron donor for growth and methane production. These results support the separation of the Methanosarcina sp. from other members of the Methanomicrobiales into at least a separate family.
Metabolic Pathways Coenzyme M (2-mercaptoethanesulfonic acid). The oxidation of hydrogen and the reduction of C02 to produce methane by methanogens involves a highly unique biochemistry. Taylor and Wolfe (97) have identified a new coenzyme, coenzyme M (2-mercaptoethanesulfonic acid) involved in methyl transfer reactions in methane bacteria. It is the smallest of all known coenzymes and exceptional in its high sulfur content and acidity. The cofactor is required by methylcoenzyme M reductase, an enzyme present in all methanogens (R. P. Gunsalus, Ph.D. thesis, University of Mllinois, Urbana, 111., 1977) and active in the terminal steps of CO2 reduction to CH4 (42-44, 66, 97) .
In a survey to determine the biological distribution of coenzyme M among nonmethanogens (8), a broad range of procaryotic organisms and eucaryotic tissues were examined; coenzyme M was not detected. In contrast, coenzyme M was found in high levels in all methanogens available in pure culture. An average intracellular concentration of0.2 to 2 mM coenzyme M was observed (8) . It was concluded that the coenzyme does not play a general role in other methyl transfer reactions; its importance lies in its central role VOL. 43, 1979 on January 18, 2018 by guest http://mmbr.asm.org/ Downloaded from 282 BALCH ET AL.
in methanogens, organisms which are pivotal for normal biodegradation in the cecum, rumen, sludge digesters, and aquatic sediments.
Coenzyme F420. The structure of F420, a lowpotential electron carrier, was recently elucidated by Eirich et al. (32) . Evidence suggests that F420 is the flavin mononucleotide analog 7,8-didemethyl-8-hydroxy-5-deazariboflavin-5'-phosphate, which has an N-(N-L-lactyl-y-L-glutamyl)-L-glutamic acid side chain attached in a phosphodiester linkage (Fig. 11) . F420 has been detected in all methanogens but has not been detected elsewhere (L. D. Eirich, Ph.D. thesis, University of Illinois, Urbana, Ill., 1978). F420 participates as an electron carrier in the nicotinamide adenine dinucleotide phosphate-linked hydrogenase and formate dehydrogenase systems in methanogens (34, 103, 104, 108) . Recently, Zeikus et al. (129) have demonstrated that F420 is reduced by coenzyme A-dependent pyruvate and a-ketoglutarate dehydrogenases in extracts of M. thermoautotrophicum, a reaction normally mediated by ferredoxin in most bacteria (70) . In addition to F420, chromophoric factors F342 and F430 have been described in M. thermoautotrophicum (45) . Their role is presently unknown. However, both F420 and F342 are useful for tentative identification of methanogens by fluorescent microscopy (28, 68) . Cytochromes, menaquinones, or ubiquinones have not been detected in methanogenic bacteria to date (35, 100, 129) .
Intermediary metabolism. The pathway of C02 fixation into cell carbon in methanogens remains to be elucidated. Taylor et al. (98) , Weimer and Zeikus (108) , and Zeikus et al. (129) have been unable to demonstrate key enzymes for the serine pathway (hydroxypyruvate reductase), the hexulose pathway (hexulosephosphate synthetase), or barkeri was found to lack fumarate reductase and a-ketoglutarate dehydrogenase (109) . The authors concluded that either additional key enzymes remain to be detected in each organism or that a new pathway of autotrophic CO2 fixation is operative.
Acetate has been shown to be assimilated into cell carbon in a wide range of methanogens (22, 39, 62, 86, 89, 98, (107) (108) (109) , providing up to 60% of total cell carbon in cells grown in the presence of acetate. Fuchs et al. (39) recently examined acetate assimilation into alanine, aspartate, and glutamate in M. thermoautotrophicum. Cell carbon synthesis from labeled acetate was consistent with a pathway of pyruvate (alanine) synthesis from 1 C2 compound and 1 C02, oxaloacetate (aspartate) synthesis from 1 C2 compound and 2 C02, and a-ketoglutarate (glutamate) synthesis from 1 C2 compound and 3 C02 via oxaloacetate, malate, fumarate, and succinate (Fig.  12 ). Weimer and Zeikus (109) found acetate assimilation into cell carbon in M. barkeri to differ from that in M. thermoautotrophicum; synthesis of a-ketoglutarate occurred via oxaloacetate, citrate, and isocitrate from 2 C2 compounds and 1 C02 (Fig. 12) . The authors suggested that the differences observed in intermediary metabolism may reflect the phylogenetic divergence between the two organisms (109) .
Although acetate is an important precursor to cell carbon, the net synthesis of acetate from C02 in autotrophically grown cells remains an enigma. Fuchs Methanogen transfer RNAs are unique in that they do not contain the universal common arm sequence GT*CG; rather, they contain an analog, either G 'CG or GO*CG (the superscript dot denotes a modification of the base, but U # T). Best (14) reports no evidence in M. vannielii transfer RNAs for either of the modified bases ribothymidine and 7-methylguanosine, bases typical of Escherichia coli. R. Gupta and C. R. Woese (unpublished data) have confirmed these results and extended them to all the groups of methanogens. However, in disagreement with Best (14) , they find no evidence for the presence of dihydrouridine except in the case of M. barkeri.
Genome Sizes of Typical Bacteria and Methanobacterium thermoautotrophicum Mitchell et 43, 1979 Methanobrevibacter smithiL Methanobrevibacter smithii (Smith 1961 smithii has a single polar flagellum but is nonmotile when viewed in wet mount. The major differences are physiological and nutritional. M. smithii can be cultured on a simple chemically defined medium in the absence of a-methylbutyrate, amino acids, and coenzyme M, which are essential for the growth of M. ruminantium (7, 22, 96) . M. smithii grows optimally from pH 6.9 to 7.4, whereas M. ruminantium grows optimally from pH 6.3 to 6.8.
The type strains for species in the genus Methanobrevibacter are designated M. arboriphilus strain DH1 (DSM 1125) (130) Family II, Methanosarcinaceae Methanosarcinaceae Balch and Wolfe (fam. nov.). Me.tha.no.sar.cin.a'ce.ae. M. L. neut. n. Methanosarcina type genus of the family; -aceae ending to denote family; M. L. fem pl. n. Methanosarcinaceae the Methanosarcina family.
The Methanosarcinaceae are large, spherical to pleomorphic gram-positive cells (1.5 to 2.5 ,tm in diameter) often forming packets of varying size. Cell division planes are not necessarily perpendicular. Cells are nonmotile mesophiles to thermophiles. Energy for growth is obtained by the oxidation of H2 with the reduction of CO2 to methane or by the metabolism of methanol, methylamine (dimethylamine, trimethylamine, and ethyldimethylamine), and acetate with the formation of methane and CO2 as end products; ammonia is an additional product from degradation of the amines. The cell wall is characteristically thick (500 nm), being composed of an acid heteropolysaccharide (55 (11, 20, 46,62,86, 107-109, 128, 133-135) . The type strain is strain MS (DSM 800) (a sewage sludge isolate of M. P. Bryant) .
A key showing the main differential characteristics of the taxa under consideration is presented in Table 11 .
OVERVIEW
Resolution of the Methanogen Group rRNA is a semantide of sufficiently broad distribution, constant function, and conserved sequence to serve as a reliable indicator of phylogenetic relationships over a wide spectrum of organisms. The results of comparative cataloging of the 16S rRNA's from representative spe-MICROBIOL. REV. cies of methanogens defnes a comprehensive and detailed taxonomy which reflects the hierarchy observed in Fig. 7 , an arrangement consistent with other classical determinative characters, including morphology, Gram reaction, mol% G + C, cell wall composition, and lipid distribution.
Cluster analysis demonstrates the methanogens to be a major group. The most distant relationships-having SAB values in the range 0.2 to 0.3-are as distant as those observed among the gram-positive bacteria, enteric bacteria, and cyanobacteria, for example. The methanogens are also as phenotypically varied as are the typical bacteria. It is reasonable, then, that taxa at least at the level of class (or division) be assigned to the methanogen group. We consider the present taxonomic assignments (based on a limited range of known species) to be conservative estimates of the levels of genealogical and phenotypic relatedness within the entire group.
Taxonomic categories within the proposed methanogen group were chosen to reflect those characteristic of typical bacteria. Present taxa may have to be revised upwards as more information becomes available. For example, the relationships of the Methanosarcinaceae to other methanogens are defined by a single species. A less conservative interpretation of the SAB value in Fig. 7 would suggest that the Methanosarcinaceae alone deserve the rank of order. This is supported by a range of distinctive phenotypic differences circumscribing the group. A similar situation applies to some of the lower taxa. M. arboriphilus strain AZ or M. barkeri strain W may deserve the rank of separate species on the basis of several unique characters. Interspecies and interstrain differences are poorly defined at this time. Additional methanogenic isolates, when compared to known species on the basis of phenotypic properties, immunological properties, and relevant molecular markers (e.g., 16S rRNA sequence, protein sequence[s], and nucleic acid hybridization), should provide the necessary insight to refine the existing taxa and define new ones.
Systematics within the procaryotes is, in one sense, necessarily arbitrary; no consistent definition has been available for the assignment of the rank of species or any of the higher taxa.
it is clear the methanogens and their relatives must ultimately be assigned a rank equivalent to that covering all typical bacteria.
